By using laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), the measurement of particle size has been made for one component oxide (Al 2 O 3 and MgO) and multicomponent oxide (12CaO · 7Al 2 O 3 and CaO-Al 2 O 3 -MgO) located on surface of iron or glass sample. The method of particle size estimation by LA-ICP-MS has been developed coupled with a new method of making samples with particles. The size calibration lines for Al 2 O 3 , MgO and CaO particles have been obtained. The results of particle size measurement by LA-ICP-MS are compared with those by SEM and single-particle optical sensing (SPOS) methods. It was confirmed that LA-ICP-MS has the perspective to be used for the quick measurement of inclusion composition and size in metal and other materials. The size frequency distributions of Al 2 O 3 particles measured by LA-ICP-MS in iron samples with particles agree reasonably well with those by SEM and SPOS in the range of particle diameter from 2 to 20 mm. The size of Al 2 O 3 , MgO and complex oxide (12CaO · 7Al 2 O 3 and CaO-Al 2 O 3 -MgO) particles measured by LA-ICP-MS is in good agreement with that by SEM in the range of particle diameter from 10 to 40 mm.
Introduction
The laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) has become one of the well-accepted analytical techniques in view of the quick analysis of solid samples with high precision as well as simple sample preparation. Up to now, LA-ICP-MS has been used for direct analysis of total composition for steels, [1] [2] [3] [4] ceramics and rocks [5] [6] [7] [8] and for determination of element concentrations in fluid inclusions in minerals and rocks. [9] [10] [11] [12] [13] In previous report, 14, 15) it was found that LA-ICP-MS can be successfully applied to the composition analysis of inclusions in metals in the range of particle diameter from 1 to 100 mm. The possibility of inclusion size measurement by using LA-ICP-MS has been demonstrated. 14, 16, 17) The aim of this research is to evaluate the potential of LA-ICP-MS with respect to the size measurement of one component and multicomponent inclusions in metal and other materials. For this purpose, the size calibration lines for Al 2 O 3 and MgO particles have been obtained and the size of Al 2 O 3 , MgO and homogeneous or heterogeneous multicomponent oxide (12CaO · 7Al 2 O 3 and 35mass%CaO-57mass%Al 2 O 3 -8mass%MgO) particles has been measured on surface of iron or glass samples. The results of particle size measurement by LA-ICP-MS are compared with those by SEM and single-particle optical sensing (SPOS) methods.
Experimental

Preparation of Standard Metal and Glass Samples
For the analysis of particle composition, the calibration lines were first obtained by using the standard steel (JSS 168-6 to 175-6), metal and glass samples with different contents of elements.
The metal samples were prepared by melting an Fe10mass%Ni alloy with different contents of Al, Ti and Zr in an arc furnace under an Ar atmosphere. A charge (10 g) containing high-purity electrolytic iron, pure globular nickel, and Fe-50mass%Al, Fe-50mass%Ti, and Fe50mass%Zr alloys was melted for 5 min. After cooling, each sample was overturned and melted again. This procedure was repeated 5 times for homogenization. The total contents of Al, Ti and Zr in the standard steel (JSS) and metal (LSt) samples are given in 14) Homogeneity of elements in metal and glass samples was previously examined by LA-ICP-MS 14) and these samples were used as the standard sample for the quantitative analysis of inclusion composition.
Preparation of Hot-pressed Iron and Glass Samples with Particles
The iron samples containing 0.05 and 0.1 mass% Al 2 O 3 powder with particle size of 0.5 to 80 mm were used for the quantitative analysis of inclusion size in metal by using LA-ICP-MS.
The sample was prepared by hot-pressing the mixture of Fe powder (20 g, FeϾ99 mass%, 2 to 3 mm) and standard powder of white fused alumina (0.01 or 0.02 g, Al 2 O 3 Ն99 mass%) with known size of particles at 1 000°C under 30 MPa for 2 h under an Ar atmosphere. The content of Al 2 O 3 in hot-pressed iron samples, the mean size of particles, d¯V, in standard powders, and arithmetic standard deviation for d¯V values are given in Table 2 . The size distribution of Al 2 O 3 particles in standard powders, which were measured by using the Coulter Counter method, are shown in Fig. 1 .
The glass samples with particles on surface were prepared by first melting pure glass (60 mass% SiO 2 , 21 mass% B 2 O 3 and 19 mass% Li 2 O) in a Pt dish at 950°C. Then, the Pt dish with melted glass was withdrawn from the furnace, and Al 2 O 3 , MgO or synthetic particles placed on the surface of one end of a copper cylindrical rod were distributed on a glass surface by pressing before solidification of glass.
The synthetic particles of 12CaO · 7Al 2 O 3 (C 12 A 7 ) were obtained by sintering the pressed mixture of CaCO 3 and Al 2 O 3 powders at 1 300°C for 72 h using a Pt crucible.
The synthetic particles of 35mass%CaO-57mass%Al 2 O 3 -8mass%MgO (CAM) were obtained by melting the mixture of CaCO 3 , Al 2 O 3 and MgO powders at 1 580°C for 10 min by using a MgO crucible. After crushing and sieving, the particles with the diameter of 10 to 50 mm were used for the preparation of glass samples with particles on surface.
More detailed description is given in previous article.
14)
SEM and SPOS Analysis
A hot-pressed iron sample (0.2 g) was dissolved with 10% AA (10v/v% acetylacetone-1w/v% tetramethylammonium chloride-methanol) using an potentiostatic electrolytic extraction method. The particles after extraction on a membrane film filter with an open pore size of 0.1 mm were observed by using the scanning electron microscope (SEM) at a magnification of 500 and 1 000. The size of particles on SEM photomicrograph was estimated by using a semi-automatic image analyzer as equivalent-area diameter of a circle having the same area as a measured particle.
A part of film filter (1/16 or 1/8) with extracted inclusions was used for the ultrasonic dispersion of particles in 3 mL of filtrated methanol. Then, the size distribution of Al 2 O 3 particles was measured by using single-particle optical sensing (SPOS) method in which the principle of measurement is based on light scattering and light blockage effects. Dispersed particles in the range of d V from 0.5 to 400 mm were measured by passing a particle one by one through a small narrow "photozone". More detailed description of the SPOS measurement is given in previous article.
18)
LA-ICP-MS Measurement
An Nd:YAG laser (LSX-100, CETAC) with an inductively coupled plasma mass spectrometer (HP 4500, HewlettPackard) was used. The plasma operating conditions and the laser ablation parameters are presented in Table 3 .
Alumina particles were analyzed by LA-ICP-MS on a polished cross section of hot-pressed iron samples (HP-1 through HP-5 in Table 2 ) and on surface of glass samples with alumina standard powders (Nos. 3, 4 and 5 in Table 2 ). It was shown in previous report 14) that the width and depth of laser track increase from 10 to 45 mm and 15 to 105 mm, respectively with increasing the laser energy in the range from 1.5 to 4.0 mJ/shot. In order to analyze whole volume The LA-ICP-MS measurement was made for the Al 2 O 3 , MgO and synthetic C 12 A 7 and CAM particles in the range of 10Յd V Յ50 mm on surface of a glass sample. Surface of a glass sample was marked by scratching 1ϫ1 mm squares in order to identify the location of a particle. Each particle for a given area was observed by optical microscopy (OM) or SEM at a magnification of 1 000 and its size on photomicrograph was determined by using an image analyzer. Then, the size and composition of corresponding particles confirmed by OM or SEM were analyzed by LA-ICP-MS. More detailed description of the LA-ICP-MS system is given in previous article.
The analysis of glass standard samples was made every one hour since the slope of calibration line changes with ablation time.
Estimation of Particle Size by LA-ICP-MS
Particle Size
It was shown in previous article 14, 16) that each peak of ion intensity on a chart corresponds to the ablated particle in a metal sample. A schematic diagram of ion intensity peak obtained by ablation of one complex inclusion such as a C 12 A 7 particle is shown in Fig. 2 . The area of intensity peak for Al, A Al , is correlated to the amount of Al in an ablated particle and is obtained as (1) where I Al, j is the ion intensity value of j-th segment in a peak for Al. m is the total number of the ion intensity segments in a peak. I¯A l, sol is the ion intensity value of Al, which is calculated as the average ion intensity observed by ablation of metal matrix without particles, namely, it corresponds to soluble Al content in metal.
The A Ca value in an ablated particle can be calculated in a manner similar to that of Al by Eq. (1).
The size of one component oxide particles such as Al 2 O 3 and MgO can be estimated by using the size calibration line for each oxide. This calibration line is obtained by the ablation of hot-pressed iron samples or glass samples containing M x O y particles with known size. The particle located in the ablated zone which is determined by the width and depth of laser track can be completely ablated. In this case, the relationship between an area of ion intensity peak for M element, A M , and particles size has the cubic power and can be evaluated as follows:
........ (2) where W M x O y is the weight of M x O y particle. r The size of oxide particles having a complex composition such as C 12 A 7 and CAM can be estimated as follows: The composition of homogeneous or heterogeneous multicomponent particle is evaluated by using the concentration calibration lines for each element. These calibration lines obtained by ablation of standard glass samples with known composition are obtained by plotting mean ion intensity of isotope, I¯s (6) . More detailed description of the quantitative analysis of particle composition by LA-ICP-MS is already given in previous article.
The size of each complex particle, in which its composition is homogeneous such as C 12 A 7 , is evaluated by the following relation:
... (7) where W hom and r hom are the weight and density (ϭ2.67 g/cm 3 for C 12 A 7 ) of a homogeneous particle, respectively. W Al 2 O 3 is the weight of Al 2 O 3 oxide in an ablated particle which is determined from Eq. (2) ), CaO (ϭ3.37 g/cm 3 ) and MgO (ϭ3.65 g/cm 3 ) particles, respectively. W CaO and W MgO are the weight of CaO and MgO oxide in an ablated heterogeneous particle which is determined by using Eqs. (9) 
Correction Factor
The magnitude of ion signal depends on the condition of LA-ICP-MS system and operating parameters. The purpose of using the correction factors is to modify the areas of intensity peaks measured at different operating parameters in order to obtain the data for size and composition of particles. These operating parameters are chosen depending on the purpose of measurement such as size of particles. The correlation between mean ion intensity of isotopes, I¯s t M, total , obtained at different parameters and total contents of Mg, Al and Ca is shown in Fig. 3 for the glass standard samples. The sets of operating parameters (p 1 to p 4 ) for laser ablation are given in Table 4 . It can be seen that a slope of line for each element obtained at different set of parameters is considerably different. A similar trend was obtained for Ti, Mn, Zr and Ce. The influence of some operating parameters such as energy level and defocus of laser beam on the ion intensity of isotopes by LA-ICP-MS are considered in detail elsewhere. 19) The data obtained at different operating parameters are corrected by using the following procedure. The corrected ion intensity of isotope for a given set of operating parameters p 2 are the mean ion intensities of isotope for M element in a given glass standard sample obtained at different sets of operating parameters p 1 and p 2 , respectively. f p M, p 2 is the correction factor of M ele- It was observed that the sensitivity of ion signal in LA-ICP-MS decreased during operation time. The typical relations between mean ion intensity of isotopes and operation time are shown in the upper diagram of Fig. 5 for Al and Mg in a glass standard sample. These relations are obtained at the same operating parameters. As shown in the upper diagram, the I¯s t M, total value decreases rapidly during initial 20 to 30 min. This is due to the stabilization of LA-ICP-MS system during initial operation time. After stabilization, the mean ion intensity of isotopes decreases gradually and this decrease can be explained by some contamination in ICP-MS system. A similar dependence was observed for the ion signals of Ca, Ti, Mn, Zr and Ce elements during operation time.
The change of LA-ICP-MS data which is arisen from the decrease in sensitivity of ion signal during operation time can be eliminated by using time correction factor. For the calculation of time correction factor for M element at a given time t i , ft M, t i , the analysis of the same glass standard sample was repeated at the same operating parameters every 30 to 60 min. The corrected ion intensity of isotope for each element, I *
M, t i
, can be estimated by the following equation: are the mean ion intensities of isotope in a glass standard sample which are obtained at the same parameters for time t 1 and t 2 , respectively.
The mean ion intensities of Al and Mg isotopes, which were calculated without and with time correction factor, are shown in the middle and lower diagrams of Fig. 5 after stabilization period. In this case the glass standard sample was ablated at the same operating parameters. The mean ion intensities of isotopes for Al and Mg decrease by 10 to 13 percentage every one hour after the stabilization period, as shown in the middle and lower diagrams. It can be seen that the values of I¯s t M, t obtained from LA-ICP-MS data by using respective time correction factor are independent of operation time. A similar trend was observed for the mean ion intensities of Ca, Ti, Mn, Zr and Ce isotopes.
Size Measurement of Al 2 O 3 Particles in Hot-Pressed Iron Samples
The typical intensity peaks of Al 2 O 3 particles with different size are shown in Fig. 6 for hot-pressed iron samples. The area of intensity peak increases with increasing the size of an ablated particle.
The correlation between area of ion intensity peaks, A, and size of particles in hot-pressed iron samples with standard Al 2 O 3 powders is shown in Fig. 7 . The mean values of A, Ā, are shown as a function of the mean diameter of parti- cles, d¯V, in standard powders (Nos. 1, 3 and 4) given in Table 2 . The horizontal and vertical error bars represent the arithmetic standard deviations for d¯V value in Table 2 and those for Ā value, respectively. It was found that the values for the area of ion intensity peak, A Al , for the Al 2 O 3 standard powders of Nos. 5 and 6 scatter to large extent. This is because large size particles on surface of hot-pressed iron samples tend to be more cross-sected during polishing. Therefore, the Ā values which correspond to cross-sected particles of standard powders of Nos. 5 and 6 are not shown in Fig. 7 (13) and that from the SEM and SPOS is shown in Fig. 8 Fig. 1 . This discrepancy can be explained by the reason that some Al 2 O 3 particles are crashed during the mixing of these particles with iron powder, followed by hot pressing.
For the size estimation of Al 2 O 3 particles in the range of d V Ͼ20 mm, the calibration line was obtained by using glass samples with particles, as described below.
Size Measurement of Particles on Glass Surface
The results of size measurement for Al 2 O 3 and MgO particles on glass surface are shown in Fig. 9 . The area of ion intensity peak, A M , for each ablated particle is plotted against diameter of this particle, The area of ion intensity peak by ablation of pure Al 2 O 3 , MgO and complex synthetic particles (CAM and C 12 A 7 ) on surface of glass samples is plotted against weight of each oxide in a particle in Figs. 10 and 11 . It can be seen that the area of ion intensity peak for each element increases linearly with increasing weight of this oxide in a particle. Moreover, the data points for one component oxide particles (Al 2 O 3 and MgO) and homogeneous or heterogeneous multicomponent synthetic particles (CAM and C 12 A 7 ) fall reasonably well on a line.
The size calibration line for CaO particles is calculated based on the data obtained by LA-ICP-MS analysis of CAM and C 12 A 7 particles. The correlation between A Ca and hypothetical size of CaO in a complex particle is shown in Fig. 12 . It is seen that the size calibration line for CaO has a similar shape as these for Al 2 O 3 and MgO shown in Fig.  9 .
The comparison of size for each C 12 A 7 and CAM particle obtained from LA-ICP-MS and that from SEM observation is shown in Fig. 13 . The particle size estimated from LA-ICP-MS was obtained by using the calibration lines for Correlation between area of ion intensity peak (A Ca ) and hypothetical size of CaO in a heterogeneous particle. and heterogeneous (CaO-Al 2 O 3 -MgO) oxide particles has been measured on surface of iron and glass samples by using LA-ICP-MS. On the basis of the size calibration lines obtained for the Al 2 O 3 , MgO and CaO particles, the particle size measured by LA-ICP-MS are compared with those by SEM and SPOS. It was confirmed that LA-ICP-MS method has the perspective to be used for the quick measurement of particle size in metal and other materials. The area of ion intensity peak for each element increases linearly with increasing the weight of oxide for this element in a particle. The size frequency distributions of Al 2 O 3 particles measured by LA-ICP-MS in hot-pressed iron samples with particles in the range of 2 Յd V Յ20 mm agree reasonably well with those by SEM and SPOS. The size of one component oxide and multicomponent oxide particles obtained by LA-ICP-MS is in good agreement with that by SEM. The differences between the d V values for multicomponent oxide particles obtained by LA-ICP-MS and those by SEM in the range of 10 Յd V Յ40 mm are 1.6 to 1.8 and 2.4 mm on the average in the case of using the Al 2 O 3 and MgO calibration lines, respectively.
